Abstract-There is a need for accurate measurements of mechanical strain and motion of the heart both in vitro and in vivo. We have developed a new structured-light imaging system capable of epicardial shape measurement at 333 fps at a resolution of 768 x 768 pixels. Here we present proof-ofconcept data from our system applied to a beating rabbit heart in vitro to measure epicardial mechanics. This method will allow high resolution mapping of epicardial strain and virtual immobilization of the heart for removal of motion artifacts from epicardial recordings with fluorescence dyes. This will allow mapping of transmembrane potential and calcium transients in a beating heart, including in vivo.
I. INTRODUCTION
N 1930, Carl Wiggers used "moving pictures" technology to study complex cardiac motion during fibrillation in the canine heart [1] . By repeatedly analyzing frame after frame, he was able to comprehend and precisely describe the mechanisms of initiation and development of ventricular fibrillation (VF), induced by electric shock. This cinematographic imaging presented evidence of several stages of VF progression, now known as the Wiggers Stage 1, Wiggers Stage 2, etc [2] . Today, the elegant observations of Wiggers can be greatly enhanced using novel advances in 3-D imaging technology and image registration algorithms.
pixel can be calculated and used to form a 3-D shape. In this study, we employed a new structured light imaging system consisting of a DLP Discovery 4100 projector (Texas Instrument, TX) and a defocusing technique to image epicardial mechanics of a beating heart. Here, we present proof-of-concept data for structured light imaging as an emerging imaging modality that addresses several unmet needs in both basic and clinical cardiology.
II. METHODS

A. Animal Studies
Using this system, we imaged Langendorff-perfused hearts isolated from New Zealand white rabbits (n= 4) during sinus rhythm (SR) and right ventricular pacing (RVP).
The animal protocol was approved by the Institutional Animal Care and Use Committee of Washington University in St. Louis. Each heart was removed via a mid-sternal thoracotamy and perfused with oxygenated (95% O 2 , 5% CO 2 ) Tyrode's solution under a constant pressure of 60 mmHg and temperature of 30 °C. Hypothermia was used to adjust physiological dynamics for the current frame rate of the structured light system. A faster system with up to 10,000 FPS is under development.
B. Principle of Structured Light
Phase-shifting methods are widely used in optical metrology because of their numerous advantageous features. Over the years, a variety of phase-shifting algorithms have been developed, that include three-step, four-step, and leastsquare algorithm [4] . To achieve a high-speed 3D shape measurement rate, a three-step phase-shifting algorithm with a phase shift of 2π/3 is usually used. The intensity of these fringe images can be described as: (3) where I'(x,y) is the average intensity, I"(x,y) is the intensity modulation, and φ(x,y) the phase to be solved. Solving Eqs. (1)- (3) simultaneously, we obtain the phase:
] . (4) This equation provides the wrapped phase with 2π discontinuities. A spatial phase unwrapping algorithm can be applied to obtain continuous phase [5] . The phase unwrapping is essential to detect the 2π discontinuities and remove them by adding or subtracting multiple times of 2π point by point. Because 3D information is carried on by the phase, 3D shape can be retrieved from the phase after phase unwrapping using a phase-to-height conversion [6] .
Our 3D shape measurement system is composed of a DLP Discovery projection system, a high-speed CMOS camera, and a self-developed synchronization circuit. The DLP Discovery projection system (Texas Instruments, TX) includes a DLP Discovery board (4100), and an optical module (S3X). In addition, a converging lens (focal length of 175 mm) is placed in front of the projector to converge the in focused image size because of the low output light intensity of the optical module. With this projection system, the projected image size is approximately 68 mm × 50 mm when the projector is properly defocused so that the highquality sinusoidal fringe images can be generated when it is fed with binary structured patterns with 36 pixels per period. The camera used in this system is Phantom V9.1 (Vision Research, NJ), with a frame rate of 1016 frames per second (fps) for 1632×1200 image resolution. In this test, we only used 768×768 image resolution to capture epicardial surface images at 1000 fps to reduce the amount of data acquired. Additionally, our Z-resolution was limited to 0.19 mm. However, this value can be improved with greater calibration in the future.
C. Tracking of Epicardial Motion
Due to its ability to produce real-time shape measurements with high spatial and temporal resolution, structured light allows for precise capturing of epicardial cardiac contraction and relaxation in three dimensions. For this study, we have created a motion-tracking algorithm in MATLAB (Mathworks, Natick, MA) using the well-established window-offset method [7] . This method has been shown to be useful in a large range of applications from tissue fate mapping [7] to removing motion artifacts from fluorescent signals during cardiac optical mapping [8, 9] . In general, our algorithm describes planar translation of a time series of images relative to a specific reference. First, a reference image is divided into a grid of smaller regions of interest (ROI). The size of each ROI was selected to enclose sufficient unique features to allow accurate mapping between successive frames. The planar translational of each ROI relative to the subsequent frame is then independently tracked and recorded. Similar to Svrcek et al., normalized 2D cross-correlation is used to describe the degree of image similarity between the reference frame and the subsequent frame [9] .
Once the cross-correlation matrix is calculated, the location of the maximum correlation coefficient is used to determine the direction and magnitude of the planar translation in the x and y directions. Using the structured light volumes and the registered x-y coordinates, translation in depth (z-coordinate) can also be calculated between frames. While image registration occurs in 2D, tracking of epicardial points occurs in 3D using the depth information from structured light. One limitation of this method is its low correlation levels due to out-of-focus movement and spectral reflectance. To filter low correlation values from affecting trajectory calculations, we set an empirical threshold to remove translations with maximum correlation coefficients less than 0.75. Fig. 2 demonstrates a representative example of data recorded by the structured light system from the anterior aspect of the heart. Using the three-fringe image analysis method, a high-resolution mesh of the epicardial surface in the field of view is created (Fig. 2B) . Using a custom MATLAB (Mathworks, Natick, MA) routine, this surface is then interpolated (Fig. 2C) and wrapped with the original texture map (Fig. 2D) . By combining the texture map and the interpolated mesh, surface geometry and surface characteristics are preserved in a detailed 3-D model. If a cross-section is removed from the model, the full 3-D characteristics of the epicardium can be easily observed (Fig.  2E) .
III. RESULTS
A. Structured Light Imaging of the Beating Heart
B. Validation of Motion-Tracking Algorithm
Before our implementation of the window-offset method was applied to track cardiac motion, we performed an extensive validation process to ensure accuracy of motion tracking in x, y, and z directions. Two different methods were used to validate the motion-tracking algorithm. First, we examined the response of the algorithm to a prescribed unidirectional shift. As depicted in Fig. 3 , four shifted images were created from a single reference frame. Each image was shifted 50 pixels in a single direction: down (Fig.  3B) , up (Fig. 3C), left (Fig. 3D ), or right (Fig. 3E ). Each shifted image was then registered back to the original reference image. Arrows are used to indicate the trajectory of each ROI from the reference to the new location in the shifted image. As demonstrated in Fig. 3 , our motiontracking algorithm correctly captures the 50-pixel shift from the reference image in the appropriate direction.
In addition to examining a controlled unidirectional shift, a single feature from a beating heart was manually followed through an entire cardiac cycle. The x, y, and z coordinates from the manual assessment were compared to the values produced by the motion-tracking algorithm. A percent difference of 1-2% in the x and y directions and 5-10% for the z direction was found between the manual and automatic measurements for several recordings through the cardiac cycle (data not shown). The larger error in the z direction is attributed to the lower depth resolution of the structured light system.
C. Tracking the Cardiac Cycle using Structured Light
By applying the motion-tracking algorithm to the structured light data, we are able to track cardiac motion through an entire cardiac cycle in 3-D. Fig. 2 demonstrates motion tracking from the apex (red) and the left ventricle (green) through both systole and diastole in 2-D ( Fig. 2A ) and 3-D (Fig. 2B and 2C ) during sinus rhythm. While each ROI appears to make a single loop, it is obvious that neither ROI return to their respective starting points (indicated by the white circle). We attribute this observation to underlying swaying induced by contraction of the heart suspended from the cannula. Although this underlying sway appears to alter the starting and ending points of a single cardiac cycle, we did not observe significant changes in the motion of systole or diastole between beats.
In addition to tracking motion during sinus rhythm, we also analyzed systolic and diastolic motion during RV pacing (Fig. 4) . Fig. 4 depicts a comparison of cardiac motion between sinus rhythm and RV pacing from the same heart. Instead of tracking one ROI as demonstrated Fig. 3 . Validation of motion-tracking algorithm. To validate the motion-tracking algorithm, a single frame was digitally shifted in four directions (down (B), up (C), left (D), right (E)) and compared to the original reference frame. For each unidirectional shift, the algorithm accurately tracks a grid of 25 X 34 points on the epicardial surface of the heart. previously in Fig. 2 , a 3 X 3 grid of ROIs placed on the left ventricular free wall is tracked through systole and diastole. Comparing sinus rhythm to RV pacing, we observed minimal difference in cardiac motion during diastole between the two conditions. Analyzing systolic motion of the left ventricular free wall, two distinct trajectories are can be observed for sinus rhythm and RV pacing. During sinus rhythm, systole appears to involve a wringing motiontracked as an "S-shaped" trajectory in Fig. 4 . Systolic motion during RVP displays, however, presents as a "Cshaped" trajectory associated with greater latitudinal distension of the free wall compared to sinus rhythm. We hypothesize that this observation is due to late excitation of the left ventricular free wall due to RV pacing.
IV. DISCUSSION
Here, we present proof of concept data for structured light imaging as an emerging imaging modality that addresses several unmet needs in both basic and clinical cardiology. Our structured light system allows for precise capturing of epicardial motion and strain that could advance mechanical studies of excitation-contraction coupling, mechano-electric feedback, mechanical asynchrony due to cardiomyopathy or right ventricular pacing, and resynchronization therapy. Additionally, this technology will be used in conjunction with optical mapping by employing multiple fluorescent probes (i.e. voltage-sensitive, calcium-sensitive, NADH, etc.) to study intact excitation-contraction coupling in the heart, without the need for pharmacological inhibition of mechanical contraction. Mathematical geometry processing would allow for virtual immobilization of the heart surface and thus significant reduction or elimination of motion artifacts in surface optical recordings. The combination of optical mapping with structured light will allow for multimodality imaging with high temporal and spatial resolution data. This data could be used to characterize major aspects of cardiac physiology measured simultaneously and free of motion artifacts, i.e. excitation, calcium signaling, mechanical contraction, and metabolism. Presently, these normally intertwined phenomena are typically studied in isolation from each other.
From a clinical perspective, structured light imaging could greatly aid in mechanical assessment of specific diseases during open-heart surgeries or in the use of percutaneous transvenous optical light-guide catheters. This technology would allow for mapping of tissue strain and 3-D endocardial and/or epicardial mechanics in patients with cardiomyopathy at high temporal and spatial resolution. In combination with novel near-infrared dyes, this technology could provide the basis for future clinical applications of various molecular optical probes by solving the problem of motion "artifacts" in a beating human heart. Such future structured-optical imaging will significantly improve spatial resolution of clinical electrophysiology studies that are required for future high-resolution ablation therapy, tissue engineering, and gene therapy. 
